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I. INTRODUCTION

The temperature stability of surface acoustic wave resonator and delay line devices
has long been. a major concern for system designers. When designing a high frequency
SAW resonator, temperature-compensated crystal cuts are selected to aid in maintaining
oscillator stability. In many materials, lithium niobate and lithium tantalate, for example,
these temperature-compensated crystal cuts may be nonexistent. Even in those materials
where the temperature-compensated cuts do exist, quartz, for example, they may not be
optimum with respect to other prope;rties—for example, insertion loss, piezoelectric cou-
pling, or wave velocity. In order to provide increased freedom in the design of these devices,
this report summarizes the results of an investigation of the temperature compensation of

surface transverse waves for stable oscillator applications.

O. TEMPERATURE COMPENSATED SURFACE TRANSVERSE WAVES

(a) Background

It has been previously shown that horizontally-polarized shear surface waves (STW)
can exist on a semi-infinite substrate with a periodic corrugation or grating on the
surface!2. This phenomenon differs from Rayleigh wave propagation, on structures cur-
rently used in SAW resonator applications, by the fact that the shear surface wave does not
exist in the absence of the grating. For a smooth semi-infinite isotropic substrate a shear
surface skimming bulk wave (SSBW) does satisfy the stress-free boundary conditions. This
SSBW solution can also exist for certain orientations of anisotropic substrates. Placing a
corrugation or grating on the surface slows down this SSBW in a manner entirely analogous

to that in the corresponding electromagnetic problem,3*

and thereby converts it into a
shear surface wave—a Surface Transverse Wave (STW). A SSBW, and thus a STW, can
exist on trigonal crystal plates if propagation is normal to the X-axis. The basic wave

theory for this geometry has already been developed neglecting piezoelectricity.®-8

The surface transverse wave (STW) has several inherent advantages over SAW: (1)

Higher acoustic velocity, leading to larger IDT periodicities at the same frequency; (2)

3/4
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Low propagation loss; and (3) Temperature characteristics that are dependent on the
grating structure used to trap the wave epergy on the surface, as well as on the crystal
orientation. By properly choosing the grating height, this third advantage allows one to
predict temperature compensation in quartz for STW propagating normal to the X-axis
for almost all rotated Y-cuts. Compensation can also be achieved for several rotated Y-cut

angles of lithium niobate and lithium tantalate crystal plates.

This grating temperature compensation effect can be explained by referring to the
dispersion curve in Fig. 1. In the absence of the grating, the dispersion curve is the
(SSBW) line. When the temperature is changed, the slope of this line changes because
of changes in density and elastic constants. In the presence of the grating a stop-band
appears {6w), with a width that is a function of the crystal stiffness constants, the crystal
density, and the grating dimensions. As the temperature changes, the width of this stop
band changes. To achieve temperature compensation, the width of the stop band must
change with temperature in a way that compensates for the changing slope of the SSBW
line, so that an operating-point on the STW éurve (wr) remains stationary. This can be
achieved in many cases by selecting appropriate grating dimensions for a given crystal type !

and orientation.

[t has been found that the theoretical temperature compensation achieved for STW
propagation normal to the X-axis on rotated Y-cut quartz is comparable to, and for some
orientations surpasses that for, the AT cut surface skimming bulk waves. Temperature
compensation of STW propagation normal to the X-axis on rotated Y-cut lithium niobate
and lithium tantalate crystal plates can also be achieved with deep gratings. However,
these crystal orientations are unfortunately not piezoclectrically active in the cases of

niobate and tantalate.

The STW analysis referred to above considered propagation on corrugated surfaces of
rotated Y-cut trigonal class crystals with grating dimensions corresponding to the cavity

region of Fig. 2, where the STW is in a pass-band. The method used was to apply Floquet's

Theorem, which gives the general form of the characteristic wave solutions, separately

é%ﬁ to the semi-infinite substrate and to the grating. Application of appropriate boundary
‘-'. 5
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/ (U/B =VS (T)
wg ————————-7/
_ | '}Sw(h(T).A(T),p(T),cIJ(T))

W,
(FIXED)

Grating termperature compensation mechanism for STW. The effect of temperature on
the SSBW line is balanced by changes in the stopband width and position on the 3 axis.

STW LINE
w/B = Vgry, (T)

FIGURE 1
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FIGURE 2

STW grating resonator structure on a rotated Y-cut quartz plate with grating tooth width
W =.4/2
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ek conditions at the grating-substrate interface then gives the dispersion relation and the
. relative amplitudes of the various space harmonics. In applying the boundary conditions a A
i . i
‘Q 1 shallow grating was assumed, and the stress at the bottom of a tooth was calculated using %
‘é : the Datta-Hunsinger Perturbation Formula.” A review of this STW theory follows, along 1
P ]
with a detailed analysis of the STW temperature characteristics. !
oy
i o (3
R (b) Surface Transverse Wave (STW) Theory for Grooved Gratings
Gy Starting from the general acoustic field equations one can derive the following
e differential acoustic wave equation governing horizontal shear wave propagation normal
N e
1 '_{}:‘ to the X-axis in trigonal rotated Y-cut crystal substrates.
anhe ‘
o 9%v, 0%v, 0%v, 9%y,
R ces— + 2¢ ¢ = 1
[ % 9y2 % 3ydz tesgz = P )
R )
W where . . . .
’,::::o vy is the particle displacement velocity
N :
o::?‘ ) ¢ are rotated stiffness constants
)
e ] p is the density of the trigonal crystal
, z,y, and z are the space coordinates
o t is the time coordinate
SORE A solution based on Floquet theory consisting of an infinite sum of space harmonics is
-’* L]
el assumed in the substrate (Y < 0 in Fig. 2).
[a,0]
,'%“t’ . .
i;."Q' vy = Z anea,ye—t@.zetwt
o nme—0c0 : (2)
Qe 27n
:'l‘p. Bn=03,+—
ENaLe . A
— where ) . .
::g a, is the nth space harmonic amplitude
K . : .
:::,;‘g 3, is the space harmonic propagation constant
,4., o, is the lateral attenuation constant into the substrate
i w is the steady state angular frequency
A is the grating period
Each space harmonic solution is substituted into Eq. 1, resuiting in thbe following relation
for the nth space harmonic lateral attenuation constant
i 12 .
< E& c. 2 ic
< an=[#/3i_.pi] +Lﬂn (3)
Yo Ces Cas Cos
IR
A,
3 8
‘!Ql
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where
C55C88 — C3g
Cefy =

Ceo

The amplitudes of the space harmonics an's which make up the acoustic wave (Eq.
2) must be selected so as to match the periodic boundary stresses imposed by the surface
grating over the entire surface. Because of the periodic nature of this structure, it is a
necessary and sufficient condition for the space harmonic amplitudes to match the surface
boundary condition over just one period. Thus only the region of a single period need be
considered. The tangential stress imposed by the tooth of the grooved grating is given by

the following Datta-Hunsinger interface stress relation”

. oT!
T3, = jwp'hv; — h=—> (4)
where . . .
Tz, is the stress in the crystal at the interface Y =0

v, is the particle displacement, which is the
same in the tooth as in the substrate
because of the continuity of displacement
boundary condition at ¥ =0
is the stress in the grooved tooth
is the height of the tooth
g the density of the tooth
« is the angular frequency as stated above

In the case of the grooved grating the density ¢/ and the stress T%, are the same as
those in the substrate. This is not true in the case of metal strip mass loading, which will
be considered later. This surface stress must equal the acoustic field stress in the substrate

at ¥ = 0in Fig. 2. The acoustic field stress in the substrate can be expressed in terms of

the displacement velocity and is

568 8v, C38 Gv:
Toy = —=-Z2.2
tw 0z tw Oy

(5)

To obtain the a,’s in Eq. 2 the boundary stress at the surface of the substrate, Eq.
4 is set equal to the boundary stress under the grating Eq. 5. This is converted to a

set of linear algebraic equations for the a,'s by using the orthogonality of the different
9
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space harmonics. This is done by multiplying each side of the condition equation by the
complex conjugate of the gth space harmonic term exp[3,z], and then integrating over a
single period from Z = 0to Z = A. If Eq. 3 is used to eliminate the lateral attenuation

constants a,, the following infinite set of linear equations is obtained®
1/2
[ees 8% = 0] "aq = 3" anKng (®)
n

where
g=...—2-1,012...

2
€55€88 — C58
Ces

ko= h_1 V/'A/z_wzp_ —ifncorr £c Ce_ff_gz_p_wz_
" A JCes Jo nteff =08 cas ©  Ces |

-(—wn+ﬂﬂ—ﬂz—%gk*”"mﬁ

Ceff =

The characteristic determinant of this set of equations defines the dispersion relation {w =
f(3,)) for the STW.
When there is no grating (A = 0), the right-hand side of Eq. 6 is equal to zero and

the following dispersion relation is obtained.

o Cesf 2

_—— = V-

// 2 ’

KB ) (%)
.W

%=+ =p

where V, is the SSBW velocity. This is the SSBW dispersion relation, but periodically
replicated for each value of ¢. This is exactly what is expected, since the SSBW is the

wave solution in the absence of the grating.

- The top of Fig. 3 shows a graph of Eq. 7 for ¢ = 0. The bottom shows the SSBW
:; dispersion curves repeated for each space harmonic. (Note that all of the curves are plotted
W against the same abscissa Jg.) The points where pairs of curves cross correspond to a
" resonant point between the two space harmonics comprising the two crossing curves. For
\ﬁ example, the point where the forward-going Oth space harmonic and the backward-going
e 10




- SINGLE SPARCE HRARMONIC RESPONSE

- MULTIPLE SPACE HARMONIC RESPONSE WITH
: COUPLING BETWEEN RADJRCENT HARMONICS

FIGURE 3

Space harmonic dispersion curves.
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-1th space harmonic lines intersect (R in Fig. 3) corresponds to the resonance point go =
/A and w = V,r/A. At this point the left hand side of (Eq. 6 ), is equal to zero for
¢ =0 and ¢ = —1 and non zero for all other values of g. Thus, the magnitude of the Oth
and -1ih space harmonics have to be much much greater than any other space harmonics
in order to maintain the equality of the space harmonic equation. The amplitudes of the
space harmonics, of course, cannot become infinite. Solution of Eq. 6 shows that a coupling
between the resonant harmonics results in a bending of the dispersion curves away from
the resonant point noted. This creates a prohibited frequency band or “stop band” where
the STW will not propagate, as shown in the lower part of Fig. 3.

If the surface height h of the grating is small and the analysis is limited to only those
values of w and 3y near a resonant point, then the two resonant space harmonics are the
only non-negligible space harmonic terms. Keeping only the Oth and -1th space harmonics
terms reduces the infinite set of equations Eq. 6 to the following coupled linear equations.
2]1/2

[Cefj/3—1 - pw a-; = Ko-;8

(8)

[cersBo — szlllzao = K_j0a-,
where Ko —y = K% o = (27pV?/Aces)(h/A).
These equations are analogous to the well-known {coupled wave theory) used to describe
SAW propagation is similar structures.®

To calculate the STW dispersion curves from these coupled wave equations. a small
frequency perturbation éw, and a small propagation constant perturb’ation 83 are assumed
relative to the Oth and -1th space harmonic resonant point at R in Fig. 3. This leads to

the coupled wave dispersion relation found by Renard®
632 = (6w/V,)> - K*
where the surface skimming bulk wave (SSBW) velocity is
V73 = (cssces — c30)/pces = Cepsrfp (9)
the space harmonic coupling constant is
2(n)pV2

K= -—A;— (h/A)?




and h is the height of the grating

is the period of the grating
p is the density of the crystal
cz» are the crystal stiffness constants

Using the above near-resonance approximation the analytical expression for the
velocity of pure STW propagation normal to the X-axis on rotated Y-cut trigonal crystals
is

Vew
wo — [(wo — w)? — (V,K)?]*/2

where the Bragg, or center stop-band, frequency (corresponding to the resonance point R

(10)

Vatw =

in the figure) is

Wy = NV‘/A

and the STW operating frequency is w.
In the low-frequency pass-band of the grating (the heavy line in Fig. 3) the velocity

in' Eq. 10 must be pure real. From the equatioh, this obviously requires that
(wo — w)? > (V. K)? (11)

‘ Note that che lower and upper edges of the stop-band are defined by an equality sign
in Eq. 11. Since the temperature and rotation angle dependence of V,, wo, and K
can be obtained from the temperature dependence of the material constants and grating
dimensions, the temperature dependence of the STW velocity can thus be calculated.
Knowing the temperature characteristics of the STW velocity, a grating can be selected
to temperature cémpensate the sprface wave at room temperature, for crystal cuts at
different rotation angles. This will we be presented for both grooved grating and mass

loading grating structures in the following sections.

(¢) Temperature Compensation of Grooved Grating STW's

The three quantities normally used as a measure of temperature stability in SAW
devices are the temperature coefficient of delay (TCD), the fractional time delay change

At/t, and the fractional frequency change AF/F. In this investigation of the temperature
13
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e characteristics of STW the TCD is used to aid in the selection of the grating height, and
the fractional frequency change AF/F is used to compare the frequency stabiity of the
.ﬁ% various materials and compensation methods. The TCD is defined as®
M
o
' (] dV
e TCD = a — (1/Vitw)—o> (12)
¢ =0 dT
iy . : . . L o
::ﬁ where Vi is the STW velocity and « is the expansion coefficient in the direction of
Y . . - . . .
zjg: propagation. To better facilitate the prediction of a grating height that achieves a zero
w? . .
i TCD crossing at room temperature, a scheme for relating the TCD curves to the crystal
N rotation angle was developed, with the grating dimensions and operating frequency as
*
:", parameters. If only small changes with temperature are considered, and higher order terms
o
::‘;? are neglected whenever possible. the TCD at frequency w, in Fig. 1 can be approximated
a8 ® H{2(Vyee — Are) 2h JVye — A
3oy TCD = o\ Vate — e Ceeu‘+ t; + Ptcl - [ ste — tc] (13)
3 o F3
)
]
R where
2
et H = 4(h/A)*(crs/cse)
‘: J = wlwy—(wfwo)®
. Fo= [(1—-w/we)® —H|!/?
K V,ee and cga:c are the surface skimming wave velocity and
(G 66 stiffness temperature coefficients in the rotated coordinates:
, A¢c  and hy. are the linear expansion coefficients for the
W period and height in the rotated coordinates;
)
i pre is the temperature coefficient of density of the crystal
:':' This expression can be evaluated for the temperature dependence of the TCD. since the
¥
?‘" temperature coefficients for ces, A and A are known experimentally.!®!! The skimming
§
ki
'E:E‘ bulk wave velocity temperature coefficient is ¢alculated (using Eq. 9) to be ‘
(W _ {9 —_ 2 |
L V,. = €55C55¢c (-C?Btc Casec)C3a/ Cas — pee/2 (14) |
.‘:b‘ 2cess
e
::E',' This equation for the surface skimming bulk wave velocity temperature coefficient was
[\
‘.:‘_ checked by substituting the stiffness constants for quartz'! and comparing with published
)
f:: curves for the SSBW temperature coefficient.!? An exact match was found.
PN
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Setting the TCD equation Eq. 13 equal to zero gives a condition on the frequency w,
in Fig. 1, the crystal rotation angle # in Fig. 2, and the grating dimensions required to

achieve a TCD zero crossing. This condition is
J=HA

where J and H are defined by Eq. 13 and A (the compensation factor) is

2h¢. + pre — caate )}
A=12+ 15
[ ( Vctc h Atc ( )

The compensation factor is a measure of the grating height required for temperature
compensation. The greater the compensation factor, the greater the height of the grating
required to achieve zero TCD. Since J is positive, it is clear from Eq. 14 that oniy a
rotation angle with a positive compensation factor A can be used to achieve temperature
compensation with a grating.

Plots of the compensation factor A vs. Y-cut rotation angle are given for quartz.
lithium niobate and lithium tantalate in Figs. 4, 5, 6. Because A for quartz is positive.
for almost all the Y-cut angles, the STW can be temperature compensated at any of
these angles by properly selecting the grating dimensions. The compensation factor goes
to zero at an angle of -50° and again at an angle of 36°. At these angles the grating
height for compensation is zero because these orientations, which correspond to the SSBW

. AT and BT cuts, are already temperature compensated in the absence of the grating.
Using this theory, we are able to select grating dimensions that temperature compensate
STW propagating normal to the X-axis on rotated Y-cut quartz at essentially all rotation
angles. We have selected a few of the better known orientations for quartz and compared
their temperature compensating properties to those of the SSBW AT and BT cuts in the
following section.

This result has applications in many areas where temperature behavior is of major
concern. For example, in reference 44 the temperature characteristics of acoustic filters

are used to compensate for temperature changes in the timing-loop electronics of undersea

fiber transmission systems. Presently, the temperature characteristics of these filters are
15
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FIGURE 4

Compensation factor A (Eq. 15) versus Y-cut rotation angle for quartz. Grating compen-
sation is possible only for A greater than zero (-90° to -50°, -49° to 35°, 35° to 90°).
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b As In Fig. 4, for lithium niobate (-54° to 41°).
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controlled by adjusting the orientation of the quartz substrate—a process which does
not allow for slight modifications of the temperature behavior once the crystal substrates
are delivered. If STW filters were used they would allow greater freedom in selecting
the cfystal orientation, and the temperature behavior could be adjusted by selecting the
grating dimensions. This would allow the selection of the ET-cut {maximum coupling)

while still giving the required temperature behavior.

(d) Temperature-Frequency Characteristics of Grooved Grating STW Resonators

Fractional frequency change (AF'/F) versus temperature curves for a resonator, are
calculated from the resonator resonant frequency condition, and are referenced to the
turnover frequency Fp. The turnover frequency is the frequency at which the temperature

derivative of frequency goes to zero. The resonant frequency condition is
F(T) = A"\'rvuw/QLr (16)

where 175, is the STW velocity, L, is the leagth of the resonator region in Fig. 2, and .V
is an integer. From the temperature coefficients available for quartz in the literature!® the
temperature dependence of the Vy,, and L, are calcul:ted and used to evaluate

Firy-Fo

F =
AF/F 2

for various grating compensation geometries determined by Eq. 14.

Figure Ta shows the effect of grating compensation at a Y-cut rotation angle near the
AT-cut (SSBW temperature compensated at 25°C). The turnover temperature for SSBW
on a 37 rotated Y-cut quartz crystal is at 85°C. By adding a grating to create a STW
we effectively shift the turnover temperature to a lower temperature. Proper selection of
the grating height shifts the turnover temperature to room temperature (25°C') and thus
temperature compensates STW propagation normal to the X'-axis on 37 rotated Y-out
quartz.

Figure 7b is a comparison of STW temperature compensation at several different

rotated Y-cut orientations. The ET-cut!3 (maximum piezoelectric coupling) has a3 AF/F
19
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FIGURE 7
Examples of AF/F curves for STW in quartz. (a) Turnover temperature shift due to the
STW grating near the AT-cut; (b) Comparison of the STW temperature compensation for
the ET-cut and the 32 cut with the SSBW AT-cut; (c) The effect of the STW grating on
the cubic behavior of the -50.5° cut.
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curve that is not as flat as the SSBW AT-cut, while the 32° cut (large surface wave velocity)
has a AF/F curve that is flatter than the AT-cut and thus has a better temperature
characteristic near the turnover temperature.

Figure 7c shows the cubic behavior of the -50.5° rotated Y-cut SSBW. This cubic
behavior is lost when the grating is introduced to temperature compensate the wave.
Because of this the AF/F curve is not as flat as the SSBW BT-cnut. (However, it should
be noted that the temperature curve is flatter for STW on this orientation than for any of
the cases considered in parts (a) and (b) of the figure.) This loss of the cubic behavior is

also observed when the SSBW is compensated using metal overlays.!*

(e) Surface Transverse Wave Theory for Mass Loading Gratings -

Surface transverse wave propagation under a mass loading grating differs from the
grooved grating in several ways. In the absence of the grating the solution is a SSBW,
as it was for the grooved grating, but the slowing effect of the mass loading is two-fold.
The first slowing effect is that of the grating and has characteristics similar to the grooved
grating STW described above. In addition. a second slowing effect is due to the different
shear wave velocities in the substrate and the strip. If the velocity in the strip medium
is slower than that of the substrate, the surface wave propagating beneath the strip has
an additional slowing term which is dependent on the stifiness difference and the density
difference between the two materials. This additional slowing effect is similar to the slowing
of Love wave propagation along the surface of a quartz substrate with a thin metal overlay.
Both of these slowing effects aid in the trapping of the SSBW to form a mass loading
STW. This ability to independently choose the grating material is important because it
gives another degree of freedom in designing for temperature compensation.

The derivation of the mass loading STW velocity differs from the grooved gratings in
the application of the Datta-Hunsinger boundary condition used to find the space harmonic
equation. For mass loading the stress T’,, and density ¢ in the strip in Eq. 4 differ from
those of the substrate, and thus the coupling terms K ,4 are more complicated. Making the
same resonance approximation as in the derivation for grooved STW derivation, where oniy

the Oth and -1th space harmonics were considered non-negligible, the following coupled
21
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af‘::; equations are obtained.
’ 1/2 -
u' [Cef!ﬁ-l - sz] / a—y =K_;1a_y +Ko_;a0 (18)
) 1/2 , -
'\) [cesrfo — pu?] 06 = K_100-1 + Kooao
Ry
) where
“ | A V)2 27 (Va2
K_10=-K§_,=uwhg=|1-| = — =
iw‘(
! 2
‘Lg'.‘ . A Vm
U =K_,_1 = jwhgd=[1-( =
50 Koo=K_1_1=jw P'.zl:l (V,
‘ Vi = the wave velocity in the mass loading strip.
R To calculate the STW dispersion curves from Eq. 18, a small frequency perturbation éw
. \‘:b
éz:v‘ and a small propagation constant perturbation §w are assumed relative to the Oth and
?:f-' -1th space harmonic resonant point (R in Fig. 3 ). This leads to the following mass loading
g coupled wave dispersion relation
< | 1/2 - 1/2 1/2
= bw)? . K_10Ko_1 — K2, Koo bw w
2 [(V) % } R S NN < N BN Ay
‘ b —
x
¥ 19
s (19)
g::" Using this dispersion relation, and making the near stop band approximation, an analytical
o
;:o: relation for the mass loading STW velocity can be found. This is
. . Vyw
e Vaw = : v (20)
% Wo — [(Wo - u))2 - (V‘, AW)zl
i' 4
i, where
at"i
Ly N2
=Y ([ tarr (o (Yo (2Y))
s T A\ e \p 2 1 v, 4 Vi)
..."
‘M
:::i:: Note this has the same form as for the grooved STW, but with a modified coupling constant.
AN
Again, as in the grooved grating case, the following condition must be satisfied for STW
¥ 7
':”g: propagation in the pass-hand
x -
ol (wo = w)2 > (V, M)? (21}
“”h
i The STW velocity for the mass loading grating reduces to the velocity for the grooved
s . : . .
_ 2‘; grating when the density and stiffness of the strip are the same as the substrate, as expected.
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With the grooved STW, this result can be applied to an investigation of the temperature

characteristics of mass loading STW propagation normal to the X-axis on rotated Y-cut
trigonal crystal plates. However such an investigation 1s, in itself, not beneficial at this time
because the mass loading theory described above is incomplete from a temperature analysis
point of view. The theory fails to include the possibility of the mass loading material
having thermal expansion coefficients that differ from the substrate material. Preliminary
stress strain calculations indicate that the effect of these different thermal expansion rates
will have a greater effect on the temperature behavior than that of the grating geometry
and material slowing effects in the mass loading grating STW theory given above. This
thermal expansion effect, along with methods to incorporate it into the mass loading, STW

theory are described in the following section.

. STATIC STRAIN EFFECTS ON MASS LOADING
GRATING STW PROPAGATION

(a) General Considerations

In a metal strip or mass loading grating the grating is made of a different material than
the substrate and thus will, in general, have different acoustic and thermal characteristics.
A difference in thermal expansion coefficients causes the metal strip to expand or contract
at a different rate than that of the substrate. If the metal strip continues to adhere to
the substrate without cracking, the substrate and the metal strip must undergo small
deformations to allow for the different thermal expansion rates. Because this deformation
or strain field varies slowly with time compared to the strain fields of the propagating
STW, it is referred to as a static strain. This static strain is a function of the temperature.
the thermal and elastic characteristics of the two dissimilar materials, and the method
used to deposit the metal strips on to the substrate. If the deformation or static strain
is small (that is if it remains in the linear region of the stress vs. strain curve of the
material, Fig. 8), it will have little effect on the STW behavior, other than the change in

grating dimensions already accounted for, and thus be negligible. However, if the material
23
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'j ::.‘3. is strained to the point where the stress strain curve is no longer linear then the stress
o strain relation
A\
) _::-\ Ty =c14Ss (22)
A
‘. -r which governs the STW is changed and the STW analysis must be modified to account
P for this effect. In the case of aluminum strips on quartz, lithium niobate or lithium
\\:;. tantalate this added strain effect is not negligible and must be incorporated into our STW
i.\é temperature theory to predict accurate STW temperature behavior. This will be done by
. . introducing a temperature-dependent static strain term in the crystal stiffness constants
i :::'E used in evaluating the STW velocity. A discussion on this static strain term follows.
"
; N (b) Static Strain Theory on Overlay Gratings
e The static strain theory developed here is based on the assumption that the particle
P; displacement is the superposition of a small dynamic displacement and a larger static
:- displacement. The small dynamic displacement is due. to the stress fields of the acoustic
wave and the large static displacement is caused by the forces created by differential
; expansion of the metal strips and the crystal substrate. This theory can be thought of
-.' as the mechanical analog to the small signal circuit analysis of electronic circuit theory
, where there is a small AC single superimposed on a large DC bias. In each case a linear
:\::EE theory is used to describe the small signal behavior even though the large signal behavior
} is nonlinear.
AN

This static strain theory begins with the assumption that the total particle displace-

ment field near the interface of the two materials is a superposition of two particle dis-

placement fields. The first is a static displat‘:ement caused by crystal particle displacements
relative to the natural or initial crystal particle positions. This static displacement includes
any crystal deformation experienced during processing of the device, caused by previous
thermal expansion history. The second is the dynamic particle displacement which is
caused by the stress fields of the STW. The static strain is assumed to vary with time at a
very slow rate compared to the strain fields of the STW and is assumed to be constant with

time relative to the dynamic displacement. The spatial and temporal particle displacement
24
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L can then be written
. — rd
6::: Lf(-’-y-"") - U(‘t.y,:) + U (z.y,2,t) (23)
KX
O :
"‘g: where U® is the static stress, which is independent of time, and U? is the dynamic dis-
e
ot placement which is a function of time. To justify the small signal analysis, the magnitude
£ ' .
X of the dynamic displacement must be much smaller than that of the static strain.
i
e U*» U? (24)
b ere . . . . . . .
B In addition it is assumed that the net displacement is still governed by the linear acoustic
i : field equations
o -
R v.T=,20
EY (25)
.
S VaU =S
-\. . . . 3 - 3 - -
.:I The constitutive stress strain relation includes the nonlinear stress strain behavior
WOy and has the form
o) Ty =c1sSs +c1sk Sk Sy (26)
l:\ M
<" o
e where ¢;s and cyyx are the second- and third-order elastic constants which can be found
e in the literature.!0-11:15.18.17 gyhstituting the assumed particle displacement U into the
3.‘ » strain relation Eq. 25 we find
.
1. r’
o S§=5§*+84=V,U*+V,U¢ (27)

which has the same form as the particle displacement (i.e., a superposition of a large static
strain and a small dynamic strain). If we substitute this strain into the constitutive relation

we find the stress to be of the form

Ty=T;+T! {28)

where
T; = C[JS:, + C[JKS:,Sk

d .__ d d
T, =c1ySy + CIJKSKS‘d, +C’JKS;(S§
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If it is assumed that the second-order term in the dynamic stress equation is negligible,
then the dynamic constitutive relation becomes

T’} = C[]Si + C[JKS;(Sg (292)

T‘,‘ = [C[J + C[JKSK]S'?, (29b)

Substitution of these constitutive relations into the divergence of stress relation {Eq. 25a)

separates the analysis into two problems, a static problem

VT* =0
(30)
T® =c1sSy+crax Sk Sy
and a dynamic problem
U4
V.T=
T (31)
Té = C;sti

where

il =crs + e Sk

The dynamic acoustic equation can be applied to the STW problem, resulting in a wave
equation that includes the static stress effect

92U

<. ef/v d
¢ U=

(32)

This is a simplified static strain analysis resulting in a wave equation of the form used
in the STW theory described. This allows the addition of the static strain effect to
be readily incorporated into the STW temperature theory already prescribed. A more
detailed discussion of the static strain effects, including changes in the material density

and nonlinear acoustic field equations, can be found in reference 18.

(¢) Nonuniformity of Static Strain in the Substrate

If the effective stiffness has a constant uniform value throughout the crystai substrate,
then the problem in Eq. 32 has the same solution as the previous STW solution. but with

modified stiffness values. However the static strain field imposed by static forces on the
27
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crystal surface is not uniform throughout the crystal substrate and such an assumption

needs justification.

These static strains are expected to decay exponentially into the bulk of the crystal, to
vary periodically about an average value along the direction of STW propagation, and to be
uniform in the direction of the metal strip fingers. The stiffness along the STW propagation
direction would be expected to increase when the crystal strain is in compression {i.e.,
underneath a grating tooth) and then decrease when the crystal strain is in expansion
(between the grating teeth) or vice versa, depending on the expansion rates of the two
materials. Over a region of many grating periods this periodic increase and decrease of the
stiffness value would average out to be the unperturbed stiffness vaiue which is uniform
along the direction of the wave propagation. In other words the effect of strain along the
STW propagation direction tends to cancel. This ieaves the strain normal to the STW
propagation direction—that is, parallel to the strips. In a practical STW device the grating
width is much wider than the STW wavelength, and in the theoretical STW device the
width is infinite. In this case the static strain and thus the effective stiffness values should
not change appreciably within a few wavelengths of the surface. If the grating height is
sufficient to trap the STW energy within a few wavelengths of the surface, the effective
stiffness values as seen by the STW are very nearly uniform in the direction perpendicular
to the crystal surface. If we limit our discussion to wide aperture devices with many
grating fingers and well-trapped STW, we can assume the effective stiffness is uniform in

the region of influence of the STW.

(d) Estimates of the Effect of Static Strain on STW Temperature Characteristics

The major strain component caused by the expansion or contraction of the metal strip
fingers will be parallel to the fingers and transverse to the STW propagation direction.
This strain component, acting over the full aperture, has large particle displacements 1ad
gives the major contribution to the nonlinear stress strain reiation affecting the change

in the stiffness values. Those strain components perpendicular to the fingers tend to be

relieved by the gaps between the metal fingers, and do not have the opportunity to build
28
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up the large particle displacements of the components parallel to the fingers. Thus they
will have a smaller effect on the STW velocity. To maintain simplicity in the analysis, the
smaller strain component oriented along the wave propagation direction (or perpendicular
to the fingers) is neglected, and the static strain caused by the metal strips is assumed
to be uniform and acting parallel to the fingers (or in the X-direction, so that the static
strain is S;).

The effective trigonal crystal stiffness constants, used in the STW calculations of

section I, for a uniform S; strain, become

csf! = ess + 5515
et/ = ess + 5015 (33)
ngf == cgs + Ce8151
From the crystal symmetry
€551 == €155
cse1 = [—2¢111 — 12 + 36522]/4 ' (34)

ces1 = [C114 + 3¢124]/2

and ¢;sx can be found in the literature for quartz'® and lithium niobate.!?

Stress changes as high as 150 million newtons per square meter per degree celsius have
been observed in thin films of aluminum.!® A stress change of this magnitude would result
in S; strain changes on the order of 1700 ppm in quartz and 750 ppm in lithium niobate.

Substituting a S, strain of just 100 ppm into Eq. 33 gives rise to a change in the quartz

elastic constant ¢ss of 300 ppm per degree C and the lithium niobate elastic constant ¢ss
of 100 ppm per degree C. Comparison with the elastic temperature coefficients of 177 ppm
per degree C for css in quartz!! and 430 ppm per degree C for css in lithium niobate!®
shows that static strain effects are far from negligible. Thus, to accurately predict the
acoustic wave temperature behavior of mass loading gratings, this static strain effect must
be included in any temperature analysis.

Anomalous temperature behavior in acoustic devices has long been observed at

Hewlett-Packard.?? Theoretical temperature coefficients and the measured parameters were
29
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found to be in disagreement, and temperature-dependent static strain was proposed as the
cause of this discrepancy. An example of this unexpected behavior was observed in quartz
SAW resonators. Identical resonators exhibited varying drifts in resonant frequency with
age. It was discovered that if the resonators are put though an annealing process before
the final frequency trimming step, this frequency drift can be reduced. This observed be-
havior can be explained by static strains. The drift in frequency is caused by a relaxation
with aging of the very large initial stresses in the aluminum strips. During the annealing
processes the initial stress is reduced so that the change in strain with aging is greatly
reduced. After annealing, all the devices are brought to the same static stress level, so
that the behavior observed in each individual device is consistent with the other identi-
cal devices. These phenomena indicate the importance of considering static stress in this

temperature compensation investigation.

Before the effective stiffness result described above can be substituted into the earlier
STW theory to incorporate the effect of the static strain S; on the wave velocity, it
is necessary to determine the strain S, and its temperature variation. One method is
to consider the published thermal expansion rates and elastic constants of the substrate
and the aluminum, and then to calculate the induced strain, assuming no strain at an
initial temperature. This approach is not adequate for several reasons. First, the thermal
expansion and elastic coefficients of thin aluminum strips are not the same as the published
values for bulk aluminum. Also, in thin films these coefficients vary greatly with film
thickness and composition. In addition, the initial strain state of the device is a nonzero
because of the processing steps and past temperature history. This initial strain state
may vary greatly from device to device a[.]d has to be determined to characterize the

temperature behavior of each new device.

For these reasons S| must be determined empirically for a given device. Once the
strain state of the device has been determined the effective stiffness can be substituted
into the STW theory described previously and a prediction made of the STW tempera-

ture behavior. Once the experimentally-determined metal strip grating STW temperature

characteristics are obtained they can then be applied to the STW temperature compensa-
30
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tion theory described above. The difficulty is that the static strain versus temperature

properties depends on the grating geometry as well as on the material properties.

Fabrication of experimental STW devices for this program was started at Hewlett-
Packard during the summer of 1985. Both grooved STW gratings and metal strip grating
devices were projected. However, due to Hewlett-Packard’'s work scheduling requirements
at that time, none of the devices were completed. The etching process for the grooved
grating was never begun and the metal strip devices fabricated were not wire-bonded
and packaged. At present there exist 14 unfinished metal strip grating devices. These
consist of aluminum strip gratings with a period of 4 microns on ST-cut quartz substrate,
with interdigital transducers oriented to launch STW normal to the X-axis. The center
stop band frequency of the grating devices is near 670 MHz. There are five different
metal thickness 3000, 2000, 1400, 1000, and 730A. They still need to be wire-bonded
and packaged before temperature measurements can begin. Further work on the STW
static strain theory will be published at a later date as a Ph.D dissertation and, if possible,
measurements will be made. A copy of this work will be submitted to the Paul Carr at

RADC as a follow-up to this report.

IV. NORMAL MODE SURFACE ACOUSTIC GRATING WAVES (SAGW)

(a) Overview of Grating Wave Characteristics

In rotated Y-cut trigonal crystals, surface skimming bulk waves (SSBW) exist only
for propagation normal to the X-axis. Addition of a surface grating converts these surface
skimming bulk shear waves into pure shear (or transverse) surface waves (STW). As

noted earlier, temperature-compensation of these waves on quartz. lithium niobate, and

lithium tantalate can be achieved by proper selection of the crystal orientation and the

(l

grating dimensions. For lithium niobate and lithium tantalate, however, these cuts are not,

:

piezoelectrically active, and cannot be excited with an interdigitai transducer.

Piezoelectric coupling is present for propagation along the X -axis of rotated Y-cut

21.22 5nd these cuts are found to have

lithium niobate and lithium tantalate crystal plates,
31
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the attractive feature of very strong piezoelectric coupling (AV/V = 0.02776 for -48&°
rotated Y-cut?®). For this direction of propagation pure SSBW and STW exist only for cer-
tain specific rotation angles?2:23 and for most angles only leaky waves exist. Consequently,
to study temperature compensation of surface grating waves on piezoelectrically active cuts
it is necessary to extend the previous theory (developed for pure shear waves, polarized
parallel to the crystal surface) to the case of general polarizations. Two approaches will

be followed.

The first referred to as normal mode surface acoustic grating wave theory consists of
a perturbation theory which allows for an arbitrarily polarized Rayleigh surface wave as
the unperturbed wave solution. When a surface grating is present it perturbs the Rayleigh
wave propagation, resulting in a surface acoustic grating wave (SAGW). This normal mode

theory is discussed in more detail below.

The second is referred to as leaky surface wave theory, and consists of a direct numeri-
cal solution to the differential wave equation, and boundary conditions for arbitrarily
polarized surface wave propagation under grooved gratings on anisotropic crvstals. In
general some of these orientations cannot support true surface waves on a smooth surface
because the wave radiates or leaks power in to the bulk of the substrate. This leaky wave

theory will be discussed in a later section.

(b) Normal Mode SAGW Theory

This approach assumes surface acoustic grating wave propagation on a thick
anisotropic crystal plate. The assumption of a plate of finite, but large, thickness is
needed to obtain a complete basis set of normal modes. On a thick plate the Rayleigh
mode is the same as a Rayleigh wave on a semi-infinite substrate, but it is a member of the
family »f orthogonal modes of the piate. This normal mode property of the Rayleigh wave
greatly facilitates the analysis of Rayleigh grating wave propagation. Following the Floquet
method used for the STW case?* one can represent the particle displacement velocity V. ;)

and stress T|; ;) fields by the space harmonic expansion
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Y(z.2) vn(2)
= Za,, exp(—18az) (35)
T, n Ta(2)
where
n2r
Bn = Bo + wE

Without loss of generality, each individual space harmonic may be expanded in terms of
a series of plate mode functions or “normal mode functions” (including Rayleigh and B-G

waves). This gives
U,,(Z) . v,.u(z) )
an e~ 0nT — e P (36)
Ta(z2) v | Tav(2)

where each of the plate mode wave functions v satisfies the acoustic field equation for a

smooth surface at a particular frequency wp,,

0 Vfva(2)] p 0)|vanlz)]
[ ] e~ = iw,w[ ] e~ Pnz (37)
YV 04|Th.(2) 0 8l|Tn(z)

To develop coupled space harmonic equations for a gr~ting surface, Eq. 35 and Eq. 36 are

substituted into the acoustic field equations. The result is reduced to a set of coupled .

equations in terms of the plate mode harmonic amplitudes a, by using the orthogonality
relations of the space harmonics and the plate modes, and then integrating throughout the
thickness of the substrate and over one period of the grating. The space harmonic equation
is further simplified by noting that the boundary conditions at the bottom of the plate
are those for a free surface, and the boundary conditions at the top of the plate are given
by the Datta-Hunsinger grating theory.® Using the above simplifications, the acoustic field
equations reduce to a set of linear equations coupling the space harmonic mode amplitudes

Amy, Cny

(w— Wmu)amu = Z K—mu,nuanu (38)

ny

where

A jet(Fm=Balz 1
- —_ - . . . ! .
[\my,nu = o ——\(J' v.t,,.,,TIy-.y -+ vyMTW" + Uz_w T;y”vJ d:
Almy ne y=0

0
Uy = /b[pv:n'“ Vmy + Ty - SE Tmu]dy Wm,u = ViBm
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These are known as the space harmonic equations.

As in the STW case ap approximate theory for shallow gratings is obtained by
considering only the space harmonic interaction near the first resonance point. With this
near-resonance assumption, the infinite set of space harmonic equations can be reduced to
two equations for a pair of coupled harmonics, the Oth space harmonic and the ~1th space
harmonic. The coupled normal mode space harmonic equations for the Rayleigh grating

wave are then (Apbendix Al)

(w—V,.53,r)80,r = a—1,rKo,—1 + 80,8 Ko,0

(39)
(w+V,B-1R)ac1r =a—y K-y -1+ do.rK 1.0
e 2173 r 2
oSG
Koio=-Kj_, = %V%(%)[(Dg)z . 2((,;);’)2}
and

a, and a_, are the space harmonic amplitudes;

3o.r and 3_; g are the space harmonic wave numbers;
Vr = the normal mode velocity (Rayleigh velocity};

« == the grating wave frequency;
U, /P
U,/PL/?

the density of the crystal,

= normalized Y -polarized displacement;

normalized Z-polarized displacement;

p ==
h = the height of the surface grating;

A = the period of the surface grating.

To investigate the temperature characteristics of grating Rayleigh waves an analvtical
expression for the grating wave phase velocity must be obtained {from Eq. 38. To simplify
the solution of Eq. 39 it is assumed that the wave number of the grating wave does not
deviate much from the normal mode (Rayleigh) wave number. This simplification permits

expression of the coupling constants Ko—, and K_,o as true constants, independent of the
34

- - -
-------

N

R N
1_\.-_.'-"."-('._1-._‘ e

v e T
at.. - - o
«

,‘-' - - ._-f'_‘

ate o n Y
-----

T R N T T T O R U T O N TN T O TO O

R *«i
A A Y A

Salas Sa fa=s |

e N e aN LN e e



-

-~
-

. - g
e %
S

-
.

3 el

et

Sy

:A.\,'.. L o Y

o ‘a,

-

e REACONIE

2 4]

&
&

A

-

ool

ELBLN AN W %

wave number. This is analogous to the simplification made in the STW theory, where the
term neglected was of second order and a deviation of 10% in the wave number caused
a deviation in the coupling constant of only 1%%. It was also assumed the displacement
velocity under a grating tooth was equal to the velocity between the grating teeth. This
assumption was made by Datta-Hunsinger in calculating the boundary conditions under
the grating; and it must also be made here, to use their ‘boundary conditions. After

making these assumptions, the surface acoustic grating wave phase velocity was found to

be (Appendix A2)
] (40)

The quantities Vg, U;/P:/? and Uy/P!/? in Eq. 40 can be obtained from existing com-

h pV3
Vsagw = Vgr — Xp_45

2
T|U° _

gj+2o“§
2 P,

P, P,

puter programs, such as the one used by Slobodnik?® or Andle.?® From numerical data at
several different temperatures, the temperature coefficients of Vg, U,/P,, and U, /P, can
be estimated. Using these temperature coefficients, along with those for the crystal expan-
sion coefficients found in the literature,2?:28 an analytical expression for the temperature

dependence of the surface acoustic wave velocity under a shallow grating can be obtained.

(¢) Temperature Compensation of SAGW

(i) General Formulation

The Temperature Coefficient of Delay (TCD) equation

1 dVsacw

TCD = a —
* Vsacw dT

(41)

is used to calculate the grating diﬁensions that give a zero temperature coefficient of delay.
Knowing the temperature dependence of the SAGW phase velocity discussed above. and
the expansion coefficient in the direction of wave propagation, one can solve the above TCD
equation for the grating height-to~period ratio that gives a zero temperature coefficient of
delay. This compensating height-to-period ratio was found to be (Appendix A3)

h _ Vrre —A1c (42)
- V2. |2 v2 U2 au2 -
Al arc) + 552 'Ff'*"g:‘l(Brc)
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where
|Uy|
Arc = prc +hrc +3Vrrc +2\ 5| —2Arc
P Jrc
U2 oz
Brc = prc + hrc + 3VRro + ?v + P : —2Arc
" "lre

(ii) SAGW on Lithium Niobate

The SAW data for lithium niobate provided by Rick Webster at RADC, was used to
plot the height-to-period ratio needed to temperature‘compensate‘ a SAGW propagation
normal to the X-axis on rotated Y-cut lithium niobate. This quantity is plotted versus
rotation angle in Fig. 9. The value of the smallest height-to-period ratio is approximately
4 at an angle of -35° (AV/V 74% of the maximum rotated Y-cut AV /V, Reference 25).
This shows that, for a grating on lithium niobate to completely temperature-compensate
the delay at room temperature, the “grating teeth” must be about eight times higher than
they are wide.

This result is a demonstration of a grating structure used to reduce the SAW TCD ar;d.
in the case of deep gratings, to achieve complete temperature compensation of SAW devices
on the higher coupling materials. However, the grating dimensions needed to achieve
this theoretical temperature compensation calculated with the preceding theory must be
examined critically. First, the capabilities of today’s technology do not allow fabrication of
grooved gratings with a height-to-width aspect ratio of eight. Even if these deep gratings
could be fabricated, the calculated dimensions of such a grating predicted by the preceding
theory must be questioned. The theory uses the Datta-Hunsinger perturbation formula
to calculate the stress fields under the grating. This formula assumes a small grating
height, and thus would not give accurate results for deep gratings. To achieve accurate
predictions of the deep grating heights a more detailed method must be used to calculate
the stress fields beneath the grating teeth. In lieu of trying to fabricate these deep gratings,
should they be calculated, shallow grating perturbation theory will be used to look for
shallow grating structures that can be manufactured using today's technology, with the

understanding that deep gratings can possibly aid the temperature compensation, but may
36
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A
Compensation height-to-period ratio needed to achieve a zero TCD for SAGW propagation
normal to the .X-axis on rotated Y-cut lithium niobate using the Webster data. :
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not have the exact height value needed to achieve complete temperature compensation.

Another objection to the above theory is that it does not consider the piezoelectric effect
on the wave propagation. This effect cannot be automatically neglected in the case of the
higher coupling materials, and will be considered in a later section of this report.

Calculations for lithium niobate have been compared using two differect sets of SAW
data, i.e., the Andle data from the University of Maine and data from Rick Webster at
RADC. The quantity compared was the height-to-period ratio needed to achieve a zero
TCD for SAGW propagation normal to the X-axis on rotated Y-cut lithium niobate.
Leaky bulk shear wave modes can exist on rotated Y-cut lithium niobate plates when the
rotation angle falls between 5° and 90°. For this reason, the validity of the SAW data is
considered somewhat doubtful in this region. Figure 10 shows the Andle data as a solid
curve and the Webster data as a dotted curve. As can be seen in the figure, the calculations
are in close agreement over the range of Y-cut angles where no leaky waves exist. In the
range of leaky waves (rotation angle from 1(° to 80°), both the Andle data and the Webster
data were considered invalid because of numerical problems encountered in the computer
programs used to calculate the SAW data.

The near stop band assumption made in the previous calculations has also been
relaxed, so that calculations may be made at frequencies far removed from the stopband.
The resulting TCD equation was more complex than the original and had to be solved using
numerical techniques. To aid in the interpretation of the results the propagation constant
was first normalized by the stop band propagation constant 3, = 7/A, and then this ratio

allowed to deviate from unity. Curves similar to those presented above are plotted for

values of 3/J3, equal to 1.0, 0.9, and 0.8. It can be seen in Fig. 11 that, as J moves away.

from the stop band, the height-to-period ratio needed to achieve compensation is increased.
Thus we can say the temperature compensating effect of the grating is greatest near the
stop band. This characteristic of the temperature compensation effect was proposed earlier

in the STW work (Fig. 1) and, as expected, aiso holds true for the normal mode theory
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Compensation height-to-period ratio needed to achieve a zero TCD for SAGW propagation
normal to the X -axis on rotated Y-cut lithium niobate for various values of 3/3,.
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(iii)) SAGW on Lithium Tantalate

Propagation normal to the X-axis on rotated Y-cut lithium tantalate has also been
considered. The Rayleigh surface acoustic wave (SAW) data was obt: ‘1ed from Jeff Andle
at the University of Maine. The above theory, together with Andle’'s SAW data, was
used to compute the grating height needed to reduce the temperature coefficient of delay
(TCD) to zero at room temperature for varying angles of rotated Y-cut lithium tantalate
plates. Height-to-period ratios of the surface grating needed to achieve a zero TCD are
shown in Fig. 12 as a function of the Y-cut rotation angle. As expected, the minimum
height-to-period ratio required to achieve complete temperature compensation in lithium
tantalate (approximately 3 at a Y-cut rotation angle of -80°) is less than that for lithium
niobate. However, this result implies a groove depth that is six times the groove width

and is subject to the same qualifications as in the case of lithium niobate.

These results confirm that the grating compensation mechanism works in principle

for lithium niobate and lithium tantalate. That is to say, the presence of a grating will

_ tend to reduce the magnitude of the TCD. However, the magnitude of the temperature
coefficient of lithium niobate at room temperature is so large that the grating height-to-
period ratio required to effectively compensate the SAGW are not realizable with present
fabrication techniques. In addition, the large height-to-period ratios predicted by this
first order perturbation theory are not describable by a first-order theory. For these
reasons, an actual prediction of the grating dimensions for temperature compensation
requires the incorporation of higher order grating effects into the theory. This would not
be practical because of the difficulty in manufacturing these deep gratings, even if they

could be accurately calculated.

(d) Piezoelectric Normal Mode Theory for SAGW

To complete the analysis of SAGW it is necessary to include the piezoelectric effect.
This theory is based on the Floquet theorem, as was the previous theory. However, instead
of expanding in terms of sums of combined plate mode displacement velocity and stress

fields as in the previous case
41
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Yy.2) vrw(y)
{ ’ ]= Zanu e 0z (43)

T(y,z) nv Tnu(y)

the fields are expanded in individual sums for the displacement velocity, stress, and

potential fields. )
Yy.z) = Z I ) e

ny

Tiy.) = Z by va(y)c—‘ﬁ- A (44)
¢(y.z) = E Crw¢rw(y)e-‘ﬁ.

This expansion method makes for a more elegant solution, where the interpretation of
the electrical and mechanical boundary conditions is greatly simplified. The procedure for
finding the space harmonic equations is similar to the previous normal mode case, where we
substitute Eq. 44 into the quasi-static field equations and make use of the orthogonality of
the space harmonics to obtain the space harmonic equations. The resulting space harmonic

equation is

A
—/; {—v:nu ‘T-§+ ¢pmuiwD - y) + dliwm, - g)O}eiﬂmz dz = —i(w = Wmu)AUmy.mu (45)

For a nonpiezoelectric problem the electrical terms drop out and we are left with Eq. 38.
which we have already solved. For a purely electrical grating T - n is zero, and Eq. 45

becomes

A
/; {abm“(zwD ¥) + otwmuDmy - §)° } Bmz fr = =W ~ Wy ) AUy, mu (46)

To evaluate the integral on the left side of Eq. 46, we must find the D on the boundary
corresponding to each nv term in ¢. As in the mechanical problem, the difficulty is in
determining approximate forms of the relation between ¢ and D. Something similar to the
Datta-Hunsinger formula, used in the mechanical case, is required. Several approaches
to this problem have been considered. One is to use the metal overlay perturbation
calculation found in Ref. 29, Egs. 12.36 and 12.37. These equations, with the electricai
surface impedance Z., give the potential function and normal D under the strip. This

30 assuming that

formula is used in the calculation of scattering from a single metal strip,
43
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l‘f ] the surface boundary conditions are unperturbed at the gap between the strips. Following

this approach the left hand side of Eq. 46 becomes

&)

;Eé‘ Al2 .

P / (PmptwD - y)eP=* dz (47)
¥ 0
s
, with
1"‘:;; T ¥il
o D-§=Y ans(~Baleo + €l)pns)e~"

?t:::" ny
,;:::' Substitution into Eq. 46 gives the space harmonic and mode coupling equations in terms

, of the grating electrical parameters.

i
o

" -

.l. (“"—VRBmam=—ZAmn
e
',’h‘ ¢ T

' 7V, 2 eoieo+¢ \ l¢”[2 _

. £ %('7\&) [eo+eZ'[t.ant:(B,h)] P, n=m
"é: Kmn r . ) (48)
i '3:\ l(ﬂ&)z €o{co+¢, ) Sado | pmemin(m—n) .

; 8\"A ) | o+eT/rann(G,h) | P. ir(m—n) m>=n

R
tan where
o T _

;-.’ €p = \[€z€; — €2,

]

::' More exact treatments of the electrical grating boundary conditions, including the effects
4
O of open and short circuit metal strips, can be found in Ref. 31 and Ref. 32.

e As in the mechanical case, it is assumed that all but two space harmonics are negligible
‘!

[X%) . .

d'.:"': near the first stop band. These are the forward-traveling Oth space harmonic and the
el . : - . .
'k’:': backward -traveling -1th space harmonic. The analysis is also limited to surface acoustic
RN K P

wave propagation under a grating that has been etched into the surface of the crystal
0 X

0 . : L . .

.}f plate (i.e., grooved gratings as opposed to metali strip gratings). The resulting coupled
f space harmonic equations are then solved to find the change in the SAGW velocity due to
e the electrical perturbation at the surface, near the first stop band. This gives
L t \

1% €o(€o + €,) lo| [l 1]

' AVE cw = -V £ = = 19
::a:‘ SnGW R[eo + eg'/ tanh(3,h) 47| (49)
. A8
V‘f‘.—'

If only small surface perturbations are considered, the combined velocity change can be

e ¥
K .': found by adding the changes due to the mechanical and electrical perturbation separately.
Tyt
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g
':SE' Recall the mechanical surface loading calculation neglecting the electrical effects treated
:" earlier (Eq. 40 ) resulted in the following change in the SAGW velncity due to mechanical
& 4 loading \ ;2 \
.-: ' AVshaw = (%)WT"B'—'}%L ~lp + %i] (0)
0 Linearly combining this with the velocity change due to the electrical surface loading in the |
}E:EE absence of the mechanical loading (Eq. 48), gives the SAGW velocity due to the combined
?:‘ effect of mechanical loading and electricai loading near the first resonance stop band
i Vsagw = Ve + AVM . + AVE, o (51)
;:'.:: Using Eq. 51 in a temperature characteristic analysis analogous to that of the mechari-
* cal case, one can solve for the height needed to achieve a zero TCD at room temperatu}e
i:;:;. for various rotated Y-cut angles. The result of this calculation is shown as the solid line
:E:.: in Fig. 13. A comparison with the previous SAGW calculation, neglecting piezoelectricity,
K has also been included as a dotted curve. As can be seen from the curves the addition of a

piezoelectricity term had a very small effect on the dimensions needed to achieve complete

:ég temperature compensation at room temperature.
A

(e) Proposed Experimental Device
_E The above calculations for the grooved grating dimensions required to temperature
3 ‘ij compensate SAGW propagation normal to the X -axis on rotated Y-cut lithium niobate and
A:'—‘ lithium tantalate plates, show that a deep grating (at least 3-1 aspect ratio) is required. We
ey suggest that the first experiment demonstrating this method of temperature compensation
EZJ be made on a -80° rotated Y-cut lithium tantalate plate, with the grooved grating etched as
-'i deeply as possible. The temperature characteristics of the device could then be compared
o to one with a smooth surface. The grating height of the experimental device may not be
,5;: sufficient to achieve a turnover at room temperature, but it should exhibit a more favorabie
*"_ temperature characteristic. In this way the temperature compensating effect of the grating
: ‘ can be verified. The result of this experiment may then be used to form a judgment of the
*‘, potential rewards of looking for more sophisticated and effective etching technologies.
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(f) Metal Strip SAGW

—— e o A

The electrical grating analyses of Ref. 31 has been used in considering the temperature
effects of periodic conducting strips on STW and SAGW, with no mass or elastic loading )
effects. In particular, the results of Ref. 31 for the open circuit case were applied to
calculate the surface wave velocity under a conducting grating, where the strip width is

equal to the strip separation. This gives

Ve
|Z = 52
where
AV,. —_ Vrshort - Vropen
|8 Vropen
This appears as follows in the expression for the TCD.
AV,[V, (AV,
TCD =Arc -V, 53
e - Yrre 2+(Av,/v,)( v, )Tc (53)

The TCD equation consists of an unperturbed surface wave TCD term and a com- }
pensating TCD term that is a function of AV,/V,. Substituting the values of AV, /V for
wave propagation perpendicular to the X-axis on 20° rotated Y-cut (70° X-axis cylinder)
lithium niobate into the last term of Eq. 53 (see Appendix A4 ), resulted in a compensating
term of -4 ppm/°C. This term will not be able to completely temperature-compensate the
unperturbed surface wave term which is greater than 60 ppm/°C. Thus the conducting
strip grating could not be used by itself as an effective temperature-compensating method.

In reality the conducting strip could not have an infinitesimal thickness, and the static

stress temperature characteristics discussed in Section III will have a predominant effect 4

on the TCD (on the order of 100 ppm/°C). This makes the metal strip electrical shorting

effect almost negligible compared to the static stress effect. In order to continue this
TCD analysis, the static strain effect would have to be incorporated in to this theory to
accurately predict the temperature behavior. This cannot be considered here because of
the empirical nature of the static stress theory. However once the static stress temperature

behavior has been established this shorting effect could be reconstructed with the effective

stiffness values, in the hope of achieving a favorable temperature characteristic.
47
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V. TRAPPING LEAKY SURFACE WAVES

(a) Introduction

The importance of propagation along the X-axis of rotated Y -cut trigonal crystals was
noted earlier. Along this direction of propagation there exists a leaky surface wave that
reduces to a pure SSBW for certain rotation angles.33:34:3% These waves have very high
coupling constants and have aroused interest because of this fact.2® Another type of leaky
wave reported in the literature is the pseudosurface wave, which reduces to a perfectly
trapped Rayleigh wave for certain particular crystal cuts. These exist for a number of

materials and crystal cuts (see, for example, References 35 and 36).

Although the existence of the leaky surface waves described in the previous paragraph
has been known for some time, especially the pseudo SSBW X-propagating waves on
rotated Y-cut lithium niobate and lithium tantalate, they have not been successfully
exploited in device applications because of their excessive radiation losses. On quartz,
where pure SSBW have found some applications in delay lines at microwave frequencies
despite their diffraction losses, a severe limitation is the weak coupling. It has already
been noted that pure rotated Y-cut SSBW propagation normal to the X —axis cannot be
excited piezoelectrically in high coupling lithium niobate and lithium tantalate crystals.
Exploration of the strongly coupled pseudo SSBW on lithium niobate and lithium tantalate
is very important to the Air Force's need for low insertion loss bfgad band delay line
devices at microwave frequencies. This requires trapping of the leaky wave on the surface
by means of a grating structure. In addition, the same grating might also be used
to temperature compensate the quasi-STW realized in this way, as was demonstrated
theoretically earlier in this report for SAGW propagation normal to the X-axis on rotated
Y-cut lithium niobate. An analytical technique developed for this purpose could also
extend the range of materials and cuts available for practical applications, by similarly

trapping and compensating pseudosurface waves of SAW type on arbitrary crystals.35-38

The normal mode SAGW theory presented earlier showed that the theoretical tem-

perature compensation of SAGW propagation normal to the X-axis on rotated Y-cut
48
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lithium niobate is possible with a deep grating. This is ap important demonstration of
principle, which may well lead to significant practical consequences. However, the normal
mode approach cannot be applied to the leaky wave problem discussed above. The reason
is that leaky waves exist only on a half-space geometry, where no normal mcde structure

exists, and thus the normal mode theory cannot be applied.

In view of the ultimate importance of the leaky wave problem, for reasons already
stated in the preceding paragraphs, an efficient leaky wave Floquet theory and numerical
algorithm has been developed. For a certain height of grating structure the leaky wave
becomes a “skimming wave,” with no energy leakage. Beyond this height, the wave becomes
trapped as a quasi-STW. As a first step in followiug this leaky wave theory, the height of
the grating required to create a skimming wave is found. Before developing this approach,
some attention was given to the idea of first calculating the leaky wave fields {or a smooth
surface (using, for example, the program available in Vetelino's group at the University
of Maine), and then trying to build a Floquet theory on this base. It soon became clear
that, to do this, it would be necessary to numerically compute the fields for each space
harmonic. Since the leaky wave calculation is itself complicated and time consuming, this
did not appear to be a viable method. Instead, the relatively simple direct method for
calculating the height of the grating required to convert a pseudo SSBW into a true SSBW

with mixed polarization was used. This method, based on the use of crystal slowness

surfaces, is outlined in the following paragraph.

For simplicity, we will consider only the case of X-propagating Y-cut waves. However
the program developed later in this section is completely general and can calculate grating
dimension for waves on a substrate of any crystal symmetry and orientation. The Floquet
theory used resembles that used for the theory for pure STW propagation normai to the
X-axis on rotated Y-cut crystals, but it is more complicated. In the substrate the felds
are expanded in space harmonics, and the conpied space harmonic equations are developed
by means of the Datta-Hunsinger boundary condition for the grating. For pure STW. each X
space harmonic has only an SH polarization. For the case of quasi-STW, space harmonics

of all three polarizations exist. These can be visualized on the slowness curve Fig. 14, by .
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taking

This allows one to visualize which space harmonics are leaky and which are not. The
grating wave becomes nonleaky when Bo/w first reaches the extremum of the slow shear
wave. At this point, the Oth fast shear and longitudinal space harmonics are aiready
nonleaky and all of the higher space harmonics are nonleaky. To calculate the height of
grating required to make this a viable solution, the coupled mode approximation is made,
including in this case Oth and -1th space harmonics of all three types. The grating height
must then be evaiuated by applving the zero determinant condition to the set of coupled
equations for these six space harmonic amplitudes. In this procedure, unlike the programs
developed for calculating surface wave velocities, the values of 3;/w for the various space
harmonics are obtained from the slowness curves. They do not have to be guessed by
successive trials, as in numerical analysis of Rayleigh waves on a smooth surface, and
can be used directly to find the field values needed in setting up the boundary condition
equation for h. As in the space harmonic problems already treated, the accuracy of the
coupled mode solution can be subsequently tested and improved by including additional

space harmonic amplitudes.

(b) Trapping of Leaky Surface Waves

Consider plane surface wave propagation along the Z-axis of a nonpiezoelectric
anisotropic crystal half space with a rotated coordinate system orientated such that the
X — Z plane corresponds to the surface of the half space and the Y-axis is directed into
the crystal. As in the STW theory we consider a surface perturbation of this structure.
in the form of a shallow surface grating that is infinite in extent and orientated normal
to the direction of plane surface wave propagation. Floquet theory will be combined with
the method of superposition of partial waves to solve this single crystal grating problem.

In the STW case we had a simple unperturbed wave solution coasisting of a shear

horizontal displacement velocity, the SH mode. Following Floquet theory, we assumed
51
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the perturbed wave solution to consist of a summation of space harmonics, where each
space harmonic is a pure SH wave at a different spatial frequency. For the more general
wave solution now under consideration, we know ihe unperturbed wave solution can be
expressed as a superposition of three partial waves (quasi longitudinal, fast quasi shear,
and slow quasi shear). Following Floquet theory, we can express the perturbed solution as
a sum of space harmonics, where each space harmonic is a pure unperturbed wave at a
different spatial frequency. The grating wave, or perturbed wave, ther has a displacement

velocity solution of the form

V(y,z.0) = Z {af;t)f;e“’l':” + afdf;e"":” + aféfe'“f”}e“a*’e‘“" {(55)
N
where

af; is the amplitude of the n-th quasi-longitudinal space harmonic.

af is the amplitude of the n-th fast quasi-shear space harmonic.

aS is the amplitude of the n-th slow quasi-shear space harmonic.

oL is the unit displacement velocity for the quasi-longtudinal
partial wave.

z}f is the unit displacement velocity for the fast quasi-shear.
partiul wave.

o> is the unit displacement velocity for the slow quasi-shear
partial wave.

ok of and oS are the complex lateral attenuation constants for

the quasi- longitudinal, fast quasi-shear, and slow
quasi-shear. respectively.
Bn is the n-th space harmonic propagation constant along the Z-axis.
w is the grating wave [requency.
The first step in finding a solution to the leaky wave probiem is to find the partial wave
lateral attenuation constants and displacement velocity vectors. A partial wave solution

of the form described above is assumed.

GnUne” %Y (56)
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This general partial wave solution is substituted into the acoustic wave equation,3? neglect-
ing the body forces F

d%v
V.c: V,v=p67 (57)

Following an approach similar to the one used to derive the Christoffel equation for triclinic
crystals,3® the following system of linear equations relating the attenuation constants and

displacement vectors to w and J for the three partial wave solutions in Eq. 55 was found.
A D Uz

D B Flvy]|=0
F Cliv,

2 2 N 2
A =555, — casy — 1258 Fnan — pw

2 2 . 2
B = c448%, — c22a;, —12c24Pn0pn — pw

2 2 . 2
C = ¢338% — C4a0y — 12¢34Bnan — pw

D= C45,6i — Czaaﬁ - !.(645 + Czs)ﬂnaﬂ (58)

E = ¢358% — c460? — t(cqs + €38)0nan
F = c340% — c2402% — i(cqs + €23)Bnn
¢;j = the rotated stiffness constants.
Using numerical methods, this set of liner equations can be solved for the six complex

values of a,, given 3,. We then select the three lateral attenuation constants values that
correspond to surface wave solutions (i.e., those solutions which go to zero when Y is
infinite). These three values correspond to a% af, and oS in Eq. 55.

These solutions are an extension of the slowness surface calculation.®® If the lateral
attenuation constants are restricted to be pure imaginary (corresponding to wave propaga-
tion constants that are pure real) the solution to the above system of equations would result
in the crystal slowness surfaces discussed in the literature.3® This allows for a check of
the numerical program by selecting wave velocities that are greater than the slowest shear
wave and then comparing the solutions with the corresponding crystal slowness surface
discussed in the literature. In general, the lateral attenuation constants can be complex,
corresponding to wave propagation with attenuation.

Once the three partial wave attenuation constants have been {ound, then they can

be substituted into Eq. 58 to find the corresponding particle displacement velocity vectors
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(vz, vy, v:]. In general, these velocity vectors are complex and the numerical computation

‘
s
-

must allow for this possibility, as well as for possible pure mode displacement velocity

=z

AL Y
;. vectors.
L
V‘."f:: Using the algorithm described above, three partial wave lateral attenuation constants
Yk and displacement vectors can be found for each space harmonic, once the crystal orientation
3‘12 . and wave velocity have been specified. That is to say, if the numerical values for the wave
2 3%]
(:" 2 frequency w, the propagation constant J¢, crystal density p and the crystal stiffress values
¢« Ty
crs are known, then the three partial wave lateral attenuation constants and the three
e . . . . . . .
"',‘,l particle displacement velocity vectors can be determined. This partial wave calculation
ﬁ is then repeated for each space harmonic propagation constant §,. These partial wave
¥
RLH solutions can now be used to solve the boundary condition equation at the surface of the
substrate.
b The partial wave amplitudes of each individual space harmonic must be selected so
B
N that the boundary ccadition at the surface of the half space is satisfied. In the general
;‘.,‘5 geometry, Datta-Hunsinger boundary condition equations, including all three polarization
e
o displacements, are applied. As in the STW case, this gives coupled space harmonic
)
x‘ equations; but, unlike the STW case, there are now three scalar equations corresponding
o to each space harmonic. Using the orthogonality properties of the space harmonics and the
ey
‘j:..: Datta-Hunsinger boundary conditions, as was done in the STW case, the three following
j:"_: coupled space harmonic equations were found
AP
Wy
P . h
w0 agug’ +ag¥g +agu = 33 WLKN +ar KT+ a K] (59a)
'Y n
¥
oW h
W LydL | F 4F | .S 45 __ Lg3L | Fp3F | Sp-3S
.y abypil +alpiF +alu® = XZa"Kiq+anK"q +aSK3S (596)
o n
LN
. h
¥ L, 8L F . 8F 5,88 __ Lyg-sL F [r5F S p-8S
.c::: aqw¢ +(1q wq +aq ’»Uq - Xz:anan-}-anan +an[\nq (59C)
h X n
‘- ~
R
:::: where
L/
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, . . . .J . .
wé" = {[cma: +iers B0 + [c,za: +icraBeluy, + [c“aj: + :c,;ﬂq]v;’}

b 1

. A . .
Kl = 'E- Gf,"ﬂ,.—wzp’v{nj n=gq
1 —cosnin— . .
kiy = [Leme=tatrs, —itgat,| e
q

t=1z92 for I=5,4,3

Gyl = ((craan + iBncs)0zn + (1207 + 1Bncla)vyn + (chean +iBac)3)vin]

In the previous analyses slow (or surface) wave solutions occurring below the first

stopband of the grating are calculated, in the weak grating approximation, by assuming all

the following characteristic determinant.

- 2L _2F _25 4L 4F 45 r L -
Xo0 Xo00 Xo0 X-10 X-~10 X-10 ao .
4L _4F _4S 3L 3F 3s F
Xo0 Xo0 Xoo X-10 X=10 X-10 a9
6L 8F .B8S 5L 8F 58 s
Xo0 Xoo Xoo X-10 X=10 X=10 a5

4L _4F _4S 2L 2F 25
Xo—1 Xo—-1 Xo=1 X<1—-1 X<1-1 XZ1-1 || =1

3L J3F L3S 4L 4F 4S F
Xo—1 Xo—1 Xo=1 X=1—1 X=1—1 X=1-1 || @=1
5L J5F .55 6L 8F 8s s
L Xo—1 X0—1 Xo=1 X=1—-1 X=1—=1 X=1—1 JL 8=
. " where B
1y _  1J ¢
Xoo =¥~ — KKoo
1J 1J h, .
XS =¥ =<K,
A
1o hos
X-10 —"KK-xo

h
X(l)il = _XKéil
=1,2,3,4,56
£ =4,3,5 for I = 2, 4,8, respectively
J=LF.S
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but the Oth and -1th space harmonic amplitudes to be of negligible amplitude. The infinite

set of coupled space harmonic equations Eq. 59 is then reduced to six linear equations with

=0 (60)
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Numerical methods were used to solve for the height-to-period ratio which satisfies
Eq. 60 at a specified wave velocity and crystal orientation—that is, for specified w, 3,
crystal stiffness constants and crystal density. This height-to-period ratio corresponds
to the theoretical grating dimensions needed to trap the leaky wave, or in the case of a
non-leaky wave, the grating dimensions required to slow the surface wave velocity to the

velocity specified.

Equation (60) given above is of sixth order in the height-to-period ratio, and therefore
has six different solutions. If more space harmonics were included, there would be a
corresponding increase in the number of roots to the equation. Roots giving a real positive
height-to-period ratio correspond to the physical grating dimensions that would slow the
wave to the velocity specified in the program. If that velocity is slower than the slowest
bulk wave, then the wave is a trapped surface wave as described above. Complex roots
are not physically realizable, and must be regarded as spurious. In cases where none of
the six roots are real and positive, then the wave velocity specified at the Beginning of the
numerical calcuiation cannot be achieved with a physical grating. However, if there is at
least one positive real root (or, in some cases, more than one) then these correspond to

grating heights that trap leaky waves at the specified velocity and crystal orientation.

(¢) Numerical Results

A Fortran program based on the above algorithm has been developed and tested. The

program calculates the grating height-to-period ratio needed to slow a leaky wave to a

specified wave velocity. If the prespecified wave velocity is less than the slowest shear
bulk wave velocity found from the slowness surface, then the grating height-to-period
ratio found corresponds to one that will trap a leaky wave. The program can consider
arbitrary crystal cuts and propagation directions but neglects piezoelectricity. Neglecting
piezoelectricity sometimes can present a problem when comparing the results to other
published calculations of leaky waves on smooth surfaces. These published resuits included

the piezoelectric effect in the higher coupling materials considered (lithium niobate and

lithium tantalate) because the piezoelectrical effect can change the wave velocity on the
56
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X order of 20°. To make completely accurate comparisons, the piezoelectrical potential
'T terms will have to be incorporated into the program in the future.
:;: The program was applied to the problem of wave propagation along the X'-axis of
:,E Y-cut trigonal crystal half spaces of quartz, lithium niobate and lithium tantalate. The
" rcal positive height-to-period ratio needed to trap the leaky waves or slow existing surface
Y waves was calculated for various assumed wave velc.ities. There are four major wave
,,' velocity regions, two of which are of primary interest. Region One has wave velocities
:" greater than the slow bulk shear wave velocity. Region Two has wave velocities greater
W than the SAW velocity, but less than the slow bulk shear wave velocity. Region Three has
‘3 wave velocities less than the SAW velocity, but greater than the minimum trapped wave
, velocity. Finally, Region Four has wave velocities less than the minimum trapped wave
. velocity.
¥ In Region One the program fails to find any roots because some of the partial wave
W lateral attenuation constants needed in the partial wave solution are pure-imaginary. The
program bases its selection of the three attenuation constants a on the sign of the real
parts of the a's. If the real part of any a is zero, then the program rejects the initially
’; chosen velocity, because lateral attenuation constants suitable for trapped leaky waves
! require roots with a positive real part. '
::; In Regions Two and Three, the real parts of the a’s are non-zero and the height-to-
_": period ratio is found to have real positive roots. ,These are the areas of major interest
| and they have been plotted for wave propagation along the X-axis of Y-cut crystal half
spaces of quartz, lithium niobate, and lithium tantalate in Figs. 15, 16, 17, and 18. In
o each case there exists a grating SAW solution and a trapped leaky wave solution. The
\ grating SAW has a real positive height-to-period ratio that descends from infinity, at the
o minimum trapped wave velocity, to a value of zero, at the wave velocity corresponding
_;Eo to the SAW velocity on a smooth surface, neglecting piezoelecticity. The trapped leaky
;,9 wave has a height-to-period ratio that descends from infinity, at the minimum trapped
" leaky wave velocity, to a minimum height-to-period ratio needed to trap the leaky wave.
:3:' This minimum height-to-period ratio needed to trap the leaky wave is the height-to-period
" 57
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3
j’ ratio needed to slow the leaky surface wave velocity, which is greater than the slow shear
- bulk wave velocity (and thus leaky) to the slow shear bulk wave velocity where it become
f:‘é. a surface skimming wave. When the grating height is increased beyond this minimum, the
fE:E surface skimming wave becomes a trapped leaky wave.
i In Region Four, the prespecified wave velocity is so slow that there are no real positive
°‘: height-to-period ratios that can slow the leaky wave to the specified velocity. Because no
f§: real roots are present in this region it is not of interest for trapped leaky wave analysis
i and will not be discussed further.
::.': These encouraging results show that the grating dimensions needed to trap leaky
:.::,'2 waves can be calculated using the algorithm developed. However, the minimum grating
::: height-to-period ratios needed to trap X-propagating leaky waves on Y-cut crystals are
S relatively large (quartz A/A = 1.3; lithium niobate hA/A = 0.38; lithium tantalate h/A
"; = 0.29). This is the same as the problem encountered in normal mode SAGW theory,
‘2& "~ where the large height-to-period results were questioned because of the shallow grating
_ assumption made in the Datta-Hunsinger boundary conditions. The gratings found here
are not as deep as those found earlier, but are still in the range where the Datta-Hunsinger
E:' assumptions are in question. Any attempt to add additional grating height to temperature
= compensate these trapped leaky waves would result in grating depths contradicting the
;Eg : Datta-Hunsinger assumption.
:SEE To alleviate the deep grating problem described above the program was used to locate
N crystal orientations where trapped leaky waves can be supported with shallow gratings.
i} The orientations considered are propagation along the X-axis of rotated Y-cut quartz,
?:': lithium niobate, and lithium tantalate crystal half spaces. The prespeciﬁe& wave velocity
§ ! used in the program is the slow shear bulk wave velocity, which gives the grating height-to-
5 period ratio needed to turn the leaky wave into a surface skimming wave. These height-to-
-*£ period ratios are plotted as a function of crystal rotation angle for quartz, lithium niobate,
'\.; and lithium tantalate in Figs. 19, 20 and 21.
“:; In lithium tantalate there is only one real positive root for the grating height-to-period
Eiig ratio needed to turn the leaky wave into a skimming wave. The grating height goes to
a8 62
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zero over a short range of Y—cut angles near 130°. This angle corresponds to the surface
skimming wave reported in the literature®® (Note: The angle quoted in the literature,
calculated using the piezoelectric potential, is 125°; the angle found here, neglecting
piezoelectricity, is 130°.) The grating dimensions near this rotated Y-cut correspond to
those of a shallow grating and are accurately predicted with this leaky wave theory. The
gr:iting height can be increased to trap the skimming wave and thereby create a surface
grating wave on l.ithium tantalate. This type of surface wave has the high coupling of
lithium tantalate and also temperature characteristics that are a function of the grating
dimenstons.

In the case of quartz and lithium niobate there are no rotated Y-cut angles found
that can trap a leaky wave with a grating height-to-period ratio less than 0.4. Because of
the deep grating problems described above, the temperature compensation investigation of
trapped leaky waves on these materials is open to question. However, with the piezoelectric
effect included in the program, there may be an additional solution that may allow for
trapping with shallow gratings. To develop this computation would require a piezoelectric
counterpart of the Datta-Hunsinger equations.

The above analysis demonstrates the need for further work in this area. It already
shows that gratings can, in principle, be used to trap leaky surface acoustic waves, but a
more refined theory will be required for quantitative grating design of sufficient accuracy for
devices. Such a further development would permit a systematic evaluation of piezoelectric
coupling and temperature compensation in trapped leaky waves for ‘all donbly-rotated
crystal cuts. Since some leaky waves are already known to have very large piezoelectric
coupling, such an evaluation could well yield new crystal cuts providing optimized com-

binations of high coupling and temperature compensation for surface wave delay lines.
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VI. CONCLUSION

| The original and modified goals of this project are repeated here tc provide a perspec- ;

tive for this brief summary and interpretation of the results detailed above:

!

|

(a) Original Goals i

The technical objective of this research was to further develop the theory of

horizontally-polarized shear surface wave propagation on surfaces having periodic mechani-

cal or electrical loading (surface transverse waves, STW), with special reference to their
temperature- and stress-compensation properties.

(1) Work statement for first 12-month period

e ke A

Task 1 Develop and evaluate for various materials a temperature perturbation
analysis of TCD for grooved STW on rotated Y-cut trigonal crystals.

Task 2 Make a quantitative estimate of the degree of temperature compensation
achievable with a grooved structure, to determine the likelihood of achieving
zero temperature coefficient with choice of groove shape only.

(ii) Work statement for second 12-month period

Task 3 Look for temperature compensated gratings (involving grooves, mass loading

and conduction effects) for LINbO3 and LiTaOs.

Task 4 Develop a theory of conducting strip STW theory for planar surfaces of |
rotated Y-cut trigonal crystals and evaluate for various materials.

Task 5 Adapt Task 1 to mass loading STW.

o R e B

; Task 6 Develop theory of grooved STW to include complete and partial conductive
coatings on rotated Y-cut trigonal crystals.
: Task 7 Develop theory of grooved plus mass loading STW.

Task 8 Perform Task 3 in more detail.

(b) Modifled Goals !

- o o i

In the second year of the program it was decided that the STW restriction is much

; too limited, because very few crystal cuts exhibit this type of solution. Restriction to these
67
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cuts eliminates many useful substitutes, such as the high coupling X-propagating rotated
Y-cuts of lithium niobate and lithium tantalate. On these cuts important leaky surface
waves eXist and have already been used to some extent in devices reported in the literature.
For this reason the goals were extended as follows:
Task 9 Develop a generalized grating wave theory for both SAW and leaky grating
waves on arbitrary crystal cuts.
Task 10 Use the generalized theory to develop a procedure for trapping a leaky surface
wave by means of a surface grating of appropriate design.
Task 11 Examine the temperature compensation properties of trapped leaky surface

waves.
(¢) Tabulated Results and Recommendations

e Grooved grating temperature compensation demonstrated theoretically for STW
(propagation to X on rotated Y-cut substitutes) in quartz, lithium niobate and

lithium tantalate.
o STW temperature compensated theory extended to mass loading gratings.

o Static strain effects characterized and evaluated for mass loading gratings—a

dominant effect.

e Electrical conduction grating effects on temperature compensation shown tc be

much smaller than other effects, even in high coupling materials.

e Normal mode theory of Rayleigh grooved grating waves (SAGW) developed and
applied to X-propagation rotated Y-cuts—deep gratings required for compensa-

tion.
e Novel trapped leaky wave grating algorithm developed for arbitrary crystal cuts,
ignoring piezoelectricity.

e Leaky wave trapping calculations made for X -propagating rotated Y-cut quartz,
lithium niobate and lithium tantalate—modest to small grating heights required

for niobate and tantalate.

1y}
a

H
[

A



Y o Observed that trapped leaky wave theory must be extended to include
piezoelectricity, before meaningful temperature compensation calculaticns can be

i made.
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i APPENDIX 1
Al
'C CALCULATION OF THE NORMAL MODE SPACE HARMONIC EQUATION
ol
1’{, COUPLING TERMS USED IN EQ. 39.
%‘er;‘
" (1) Start with the coupling term in the space harmonic Eq. (38) using Rayleigh wave
, ' modes (¢ = v = R) and note that, for Rayleigh wave modes, v, = 0
s
o | ,et(ﬁm—ﬁ.)z . : .

Kmp.ar = Nomon (VynrTvyma + v,mRTz,,_,,]y_o dz (A1)

s
R
e
s
"‘ . Bm = BO
'e;\ 27rm
PN Bn=PBo +
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N (2) Recall from Reference 41 that the average stored energy per unit length in the n-th

space harmonic is given by

"t ' 4P

s Unr,nr = =8 (A2)
t:’ VR

. where P,,g is the average power in the Rayleigh wave per unit width, and Vg is the

Rayleigh wave phase velocity.

: (3) Further, recall the Datta-Hunsinger relation for Ty, and T}, of the n-th space harmonic
1 .
g; T!Wn = 1wphv,,. (A3)
, aT,.,

Tyz, = jwphvs, — h——= (A4)

i

o ss
el i N

(4) Note that h and T;._ are zero between the grating teeth (A/2 < z < A) and nonzero

under a tooth (0 < z < A/2). Because of this, the following expression can be found for
T,.. where the delta functions come from the derivative of T, at the edges of the grating

teeth.

W ol

Tyz,‘ = jwphv;, + jhBnT:z, — hT;,, [6(2) - 5(2'_ %)]

(5) Note that the shallow grating assumption states that the stress fields in the grating

}“
R teeth are the same as those in the substrate. Therefore, using the acoustic field equations
b in the substrate with a z displacement, the stress T is found to be
)
‘ PV,
T,;,, =——~

v"i zzu, ﬁﬂ
' . Substituting into Eq. (A4), T, gives
1.4 .
t

T, = ophoe o)~z ~ 3 )| (45)
) B 2
i (5) Substitute Eqs. (A2), (A3), and (AS) into Eq. (Al), giving
.
Ll iwohV, Af2 v* v, .
‘ K =27 R/ [ + =22 (6(z) ~ 6(z — 1 ]*‘f’m-"->=dz A6
4 mR,nR NPy Jo w, Uy, B (6(2) ( )) e (A6)
Q and perform the integration, giving
b . |
&E; _wP’;VR "ﬂ::’;n m=n

KMR".R = 1wph V] 0‘ Yyn U: Vep

\ —uwav‘ [1 = cos x(m — n) —1-}'—‘ e T | ™ #n
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(7) Make the near resonance approximation

m=0, -1 .
n=0, -1

w/B=Vg
Bo =rx/A

B-1=—x/A

(8) Note that the relation between the forward wave and reverse wave particle displacement
velocities is (from Ref. 42)

Ve~ = -V;H-

and that the particle displacements normalizations used in the SAW data are

v‘ vv_ U;-Uy.

Ym

Pavg “ P,

This leads to the relation for the coupling terms appearing in Eq. (39)

2y3 2
Koo = K-y = -2 VR(E)W’"

8\ \A/J P,
(A7
. ' (U3 2U2)?
Ko =0 = (1) 5+ 15
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APPENDIX 2

DERIVATION OF THE SURFACE ACOUSTIC GRATING WAVE VELOCITY EQ.
(40) FROM THE NEAR STOP-BAND COUPLED WAVE EQUATION EQ. (39)

Recall that the near stop-band coupled wave equation (Eq. (39)) in matrix form is

Qo
[ ]=o (49

a—1

W = VrBo — Koo —Ko-

—-K_10 w+Vrf_1—K_;_,

The condition for a nontrivial solution for ag and a_, is that the determinant of the matrix

is zero. Setting the determinant equal to zero gives the following characteristic equation
[w—VrBo — Kool[w + VrA_1 — K_1-1] — Ko—1K_;o =0 (A9)

where f_; = 8o — 27/A, Koo = K_;_,, and Ko—;, = K ,,. Solving the characteristic
equation (A9) for the wave velocity w/3, and making the near stop-band assumption 3o is

approximately 7/J\, gives

s = VRI + Koo = |Ko_1|2 (4410)
B A
Substituting the values of K;; from Appendix Al gives the SAGW velocity expression in
Eq. (-10)
: . hpVE[r|Y, 2 (U au?
‘/ ,y = v — —.——R Bl ' B — ] ——— — . 1
SAGW R=3 3 12 P TP (ALl




e APPENDIX 3

o CALCULATION OF THE HEIGHT-TO-PERIOD RATIO NEEDED TO ACHIEVE A
ZERO TCD FOR SURFACE ACOUSTIC GRATING WAVE PROPAGATION NORMAL
R TO THE X-AXIS ON ROTATED Y-CUT TRIGONAL CRYSTALS (SECTION IV.C).

X The expression for the SAGW velocity was given in Eq. (40) as

U2
__y +25
P, P,

V3 2
o Vsacw = V; _EP_R El_U_Vl_._
2 P,

W A 4

] (AlL2)
:::;' Assume a first order temperature variation of each of the different parameters of the form
1, -
::"t: .Y(T) = X1+ X7cT) (A13)
‘.“9-
f;'..i" where a . .
1 X(rc) is the first order temperature coefficient of the parameter

vy X is the parameter value at a nominal temperature (25°C)

A T is the change in temperature

:??‘. Making this substitution into Eq. (40), and neglecting second order temperature coefficients
»

:5:.‘{ terms, gives

Vsagw,r, = Vsagw(l + Vsagwrc T) (Al4)

3 where

; v _ VeVgp,. =DDrc + FFrc

':..’: SAGW e = V
s SAGW

N and -

p o hoVEr|U)|

iy A 8 R,

U,
Drc = prc +hrc +3VR. + Z(I—;L) - Are
P TC

1
r

Q

r2
14

P,

| >

N9

" PVi v
B F = 2—==
| 1 =P

i

=
-

vy
v Zz
P, Tih,

) —Arc
TC

.'2: ’ Frc = prc + hrc + 3Va,, +(

bt 7
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& .
Y e A% AN (‘ 4% C Wy A ¢‘c

. b 'J’.\“c’ 1‘ 3 M9, 43'.“"0‘. & ’V‘b".\‘.”"“ o

T P TR O 11 A LA SR I YLy T TN
] 4, ! -
EAGEAS, j‘;:". \,‘.l.,‘;!,.'l, L e \".',i_“'h. ) .l,hg ) ‘IE“;,I‘.‘ MR R N " ' ."&"._"l“\iﬂl' " " :




The expression for the temperature coefficient of delay is, from Eq. (41)

‘E‘_ ) —_ ldV
o TCD=a-3oF

Substitution of the crystal expansion coefficient in the direction of the SAGW propagation

and the SAGW velocity expression found above then gives
N TCD = Arc — VsagWre (A15)

Setting this TCD expression (Eq. (A15)) equal to zero, and solving for the height to period

B ratio gives
VRrc —Arc (A16)

h
; A VZ|u,)? Ve U2 Uz
:: A IS (Arc) + g?ﬂl—pf.‘ + 2?f“I(BTc)

This is the height-to-period ratio needed to achieve a zero TCD for a SAGW propagating
' normal to the X -axis on rotated Y-cut trigonal crystals (Eq. (42)).
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A APPENDIX 4

CALCULATION OF THE TEMPERATURE COEFFICIENT OF DELAY COMPENSATING
X TERM FOR SURFACE WAVE PROPAGATION UNDER THIN MASSLESS CONDUCTIVE
» STRIP GRATINGS (SECTION IV.F).

The temperature coefficient of delay (TCD) equaiion for surface acoustic wave
2 propagation under a thin massless conducting strip grating was found to be, from Eq.

o (53)
oy
v AV'-/Vr AVr
=/ - Vr g e
TCD = Arc re o (A"r/vr)( | )TC -

::; where the unperturbed TCD term is
IXTC - ‘/-rrc

anc the conducting strip perturbation temperature compensating term is

AV,/V, (AV,)
T AV VOV, )

Y An expression for the temperature coefficient of the change in Rayleigh wave velocity

‘ ((AV./V.)rc) can be found from the Ingebrigtsen formula (Reference 43).

I AV,- |¢rlz—0
. ( 7 ): —w(éo + €] ) Uy) (.418)

iy Making the near stop band assumption

gives
c Av,  mVileo +¢;) |9, 2

4 v, = A 4P, 419)

¢ and assuming only first order temperature variation, as in Appendix 3 (Eq. (A13)). gives

AV. NG
~ 8514 (85) 1) -
(T) r r JTC
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! In the equation above, the first order temperature coefficient term is
- AV, ér
: ( Vr) =V,,C—ATc+e,N,C+2( 1/2)
: r/IC Prl/rc
where :
¢ - Syyre T €z21¢
effre ™ 9
¥
€yyrc = €337c SN0 + €11, cOS O
X €2270 = €337¢ €050 — €117 5in 0
u 8 is the rotated Y-cut angle which is 20°
K for 70° X -axis cylinder.
g Substituting the following numerical values
AV - i - .
v = 0.02747 Slobodnik (70° X -axis cylinder)
»
D Vore = —0.875 X 107*/°C Webster SAW data (70° X-axis cylinder)
' ‘
&
‘ (—%) = —3.694 X 10~*/°C Webster SAW data (70°" X-axis cylinder)
. v Jrce
; T =382 % 10~* Smith and Welsh
K ilre
K €337c = 6.71 X 107" Smith and Welsh
" Arc = 0.154 X 10~* Smith and Welsh
§
i gives a compensation factor
! AV, /v, (AV,.) 4o
S+ AVVO\ TV, e PP
1
1
X
[}
t
s
[
J
]
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